Abstract-The crystal Cs2LiYCl6:Ce (CLYC) is a very interesting scintillator material because of its excellent energy resolution and its capability to identify gamma rays and fast/thermal neutrons. In this work, the response to gamma, thermal and fast neutrons of two CLYC 1"x1" crystals was measured: the first one, enriched with 6 Li at 95% is ideal for thermal neutron measurements while the second one, enriched with 7 Li at 99% is suitable for fast neutron measurements. The crystals were coupled to quartz window R6231-1000MOD HAMAMATSU PMTs. The thermal neutrons were measured in both detectors using an AmBe source in the gamma spectroscopy laboratory of the University of Milano, Italy. The measurements of fast neutrons were performed at Frascati (Italy) Neutron Generator facility providing neutrons of 14.1 MeV and 2.5 MeV.
I. INTRODUCTION
T HE elpasolite crystals were discovered approximately 10 years ago, they present excellent performances in terms of gamma and neutron detection [1] - [5] . Crystals identified as CLLB:Ce (Cs 2 LiLaBr 6 :Ce), CLLC:Ce (Cs 2 LiLaCl 6 :Ce) and CLYC:Ce belong to this new class of detectors. These materials are suitable to identify and measure the energy of gamma rays and neutrons. Indeed, the very different scintillation light decay response (CVL and Ce 3+ ) to gamma rays and neutrons allows to clearly identify the incident radiation using the pulse shape discrimination (PSD) technique. The signal produced by gamma rays contains the CVL component of the scintillation light (decay time 1 ns) and the slowly decaying component channelled through the Ce 3+ ions. The neutron signal, instead, does not include the CVL component and it is characterized by a slower decay time constant. Furthermore, CLYC scintillators can detect both thermal and fast neutrons. The thermal detection capability arises from the presence of 6 Li, which has a 940 barns cross section for the reaction 6 Li (n, α)t. On the other hand, fast neutrons are detected using the reaction 35 Cl (n, p) 35 S and 35 Cl (n, α) 32 P. These crystals can be used as a neutron spectrometer since these reactions release a proton or an alpha particle whose energy is linearly related to the energy of the captured neutron. In this work, the response of two CLYC 1"x1" crystals was measured. The first crystal was enriched of 6 Li at 95% to be ideal for thermal neutron measurements, while the second one was enriched of 7 Li at 99% to enhance fast neutron detection. The response to thermal neutron was measured at University of Milano with an AmBe source while the response to fast neutrons was measured at ENEA Laboratories of Frascati Italy, using neutrons of 2.5 MeV and 14.1 MeV produced with a deuterium beam impinging on a deuterium or a tritium target, to produce the two different neutron energies.
II. EXPERIMENTAL SET-UP
The two crystals used in this work were both produced by RMD [6] . By visual inspection the crystals present some small internal structures. However, they do not seem to affect the energy resolution which, at 662 keV, is better than 5% for both detectors. The measurements were performed coupling the crystals with HAMAMATSU R6231-100MOD photomultiplier tubes (PMT) and two standard HAMAMATSU E1198-26 and E1198-27 voltage dividers (VD). The PMTs have a quartz window as we measured that this solution optimizes both the neutron and gamma ray separation and the energy resolution [8] . The pulses were digitized by a Le Croy waverunner 12 bit and 600 MHz bandwidth oscilloscope.
III. THERMAL NEUTRONS DETECTION
Thermal neutrons were measured with both CLYC crystals using an AmBe source in the gamma spectroscopy laboratory of the University of Milano. In order to compare the relative efficiency in thermal neutron detection, the acquisition time (∼2h) and the detector positions were kept equal for both measurements. Fig. 1 shows the PSD matrix obtained from the measurement of thermal neutrons and gamma rays with 6 Lienriched CLYC, Fig.1(a) , and 7 Li-enriched CLYC, Fig.1(b) , detectors. The PSD ratio is given by the formula:
(1) Fig. 1 is clearly visible the high discrimination power of these crystals. The contribution of the gamma rays appears in both crystals (region located around 0.7-0.8 PSD ratio) while the thermal neutron contribution is visible only in the 6 Li-enriched CLYC, as expected. Indeed, since the thermal neutron capability arise from 6 Li ions, the thermal neutron contribution has to be much higher in the CLYC scitillator with 6 Li enrichment. The presence of some neutron counts in the 7 Li-enriched CLYC could be due to 6 Li ions still present in the crystal or to fast neutrons. To quantify the relative thermal neutron efficiency of these two crystals, we estimated the counts measured in the energy region between 3 and 3.5 MeV where the peak associated to the thermal-neutron detection is located. We found that the thermal-neutrons counts with 6 Li-enriched CLYC crystals are ∼ 9000 while with the 7 Li-enriched CLYC scintillator are only ∼ 50. Consequently, we can conclude that the 7 Li-enriched CLYC detector has an efficiency to thermal neutron of 0.5% with respect to 6 Lienriched CLYC.
IV. FAST NEUTRONS DETECTION
The CLYC scintillators, exploiting the reactions 35 Cl(n, p)
35 S and 35 Cl(n, α) 32 P, could be used as a fast neutron spectrometer since the energy deposited by the proton or alpha is linearly related to neutron energy. On April 2014 the response to fast neutrons of both CLYC samples were tested at the Neutron Generator at ENEA laboratories in Frascati (Italy). The neutron generator was placed at about 4.5 m from the floor and the walls, to reduce the production of thermal neutrons. The detector was placed at 1.25 m from the target, as the produced neutron flux was very high. Two different neutron energies (14.1 MeV and 2.5 MeV) were measured. The neutrons at 2.5 MeV were not produced with the beam impinging directly on the target, but with the beam impinging on the beam dump that contains some deuterium atoms. For this reason the flux for 2.5 MeV neutrons was much weaker and less monochromatic than the flux of the 14.1 MeV neutrons. Both CLYC detectors were used for the measurement of 14.1 MeV. Fig. 3 shows the PSD matrix of 14.1 MeV neutrons measured with 6 Li-enriched CLYC, Fig. 3(a) , and with 7 Lienriched CLYC, Fig. 3(b) . What can be observed is that in both cases the discrimination between gamma rays and neutrons is clearly visible. Concerning the neutron part, the figure shows the presence of two components as possibly being due to the detection of protons and alphas as outgoing particles in the reactions on 35 Cl ions [7] . Moreover, in Fig. 3 the neutron contribution appear as a continuum shape without the presence of distinct peaks on it. This feature is connected to the different two-body and three-body reaction mechanisms that may occur in these crystals with neutrons of 14.1 MeV [7] .
In the case of neutrons at 2.5 MeV only the 7 Li-enriched detector was used to reduce the thermal neutron background. 35 S reaction is given by the sum of the incident neutron energy and the Q-value of the reaction, 0.6 MeV. As a consequence, the 2.5 MeV neutron results to have an electron equivalent energy that is similar to the energy associated to thermal neutrons detected using 6 Li(n,α)t reaction. Therefore, the peak associated to the measured 2.5 MeV fast neutrons is superimposed to the one of the thermal neutrons making the discrimination between the two impossible without an additional ToF measurement. Fig. 4 shows the PSD matrix of 2.5 MeV neutrons. The amount of thermal neutron events in the matrix of Fig. 4 was estimated with a short run using the 6 Li-enriched CLYC detector and using the 0.5% efficiency factor previously discussed. A total of ∼ 25 thermal neutron events was estimated to be present in Fig. 4 . Therefore, since the counts in the red circle are ∼ 700, we can conclude that the peak in figure is certainly associated to ∼ 2.5 MeV neutrons. In this case, the measured FWHM of the 2.5 MeV neutrons peak is dominated by the spread in the incident neutron energy.
CONCLUSION
In these work we have presented results from the investigation of the performances in terms of neutrons detection of two 1"x1" samples of CLYC scintillator (Cs 2 LiYCl 6 ), one with 95% of 6 Li enrichment and the other with 99% 7 Li enrichment. These crystals were grown at RMD. The crystals were coupled to quartz window R6231-1000MOD HAMAMATSU PMTs. The thermal neutrons were measured with both detectors, using an AmBe source, in the gamma spectroscopy laboratory of the University of Milano, Italy. It has been observed that thermal neutron detection efficiency for the 7 Li-enriched CLYC is 0.5% with respect to the 6 Lienriched sample. In order to test the capability of these crystals to detect fast neutrons an experiment was performed at Frascati (Italy) Neutron Generator facility. A deuterium beam was accelerated on a deuterium or on a tritium target, providing neutrons of 2.5 MeV or 14.1 MeV, respectively. The signal of both detectors were digitized using Le Croy waverunner 12 bit and and 600 MHz bandwidth oscilloscope. We found a continuum energy spectrum for 14.1 MeV neutrons caused by a superimposition of different two-body and three-body reaction mechanisms while for 2.5 MeV the peak related to the 35 Cl(n,p) 35 S reaction is clearly visible.
